We report on a recent set of measurements of the transverse wakefields from longitudinallytapered collimators. The measurements were performed with a low-emittance 1.19 GeV beam in the SLAC linac by inserting a collimator aperture into the beam path and reconstructing the vertical deflection of the beam as a function of the vertical position of the aperture. Each collimator in the experiment was designed to present a relatively large transverse impedance and to minimize the impedance from other contributions such as resistivity. In addition, the collimator parameters were chosen to provide some insight into the scaling of the transverse geometric wakefield as a function of the collimator's geometry. Description of the experimental apparatus and the aperture design, method of data collection and analysis, and comparison to theoretical and numerical predictions are presented.
. In order to make efficient use of the available luminosity, the detector which surrounds the interaction point of such a collider must be kept tolerably free of accelerator-related backgrounds such as particles with large transverse amplitudes, synchrotron radiation from large-amplitude particles in the final quadrupole magnets, muons, etc. Although precise estimates for the impact of accelerator backgrounds on the detector
are not yet available, simulations have indicated that a non-Gaussian "halo" containing as little as 10 −8 of the total beam power can degrade the performance of a linear collider detector [1] . Such "clean" beam conditions can only be ensured through the application of mechanical devices -collimators -which scatter or absorb particles in the "halo" while transmitting particles in the core to the collision point. The collimators in a linear collider will also serve an additional purpose: to protect the detector from being directly struck by a beam pulse which emerges from the linac with a large transverse amplitude or energy error.
Thus, even if it were possible to guarantee that the linear collider would generate no "halo", it would be essential to include a set of collimators between the end of the linac and the collision point.
The post-linac collimator system in a linear collider presents a wide variety of challenges to the designers. The system must stop the vast majority of particles which would generate backgrounds in the detector; it must incorporate collimator gaps which are of physically realizable dimensions; it must preclude the destruction of the collimators themselves in the event of a direct hit by the core of the beam; and it must accomplish all of this in an acceptable length of beamline. Although collimator designs for linear colliders are now quite sophisticated, all of them essentially follow the prescription set forth by the designers of the Next Linear Collider (NLC) in 1996 [2] : a system of thick "absorber" collimators which are shadowed by thin "spoiler" collimators in a region with elevated betatron and dispersion functions, which are placed some distance from the IP. The elevated betatron and dispersion functions enlarge the beam size at the spoiler locations; this enlargement serves the dual purpose of permitting large spoiler gaps (on the order of a fraction of a millimeter) and ensuring that the beam is too large to severely damage the spoiler in the event of impact.
The spoilers in turn further enlarge the beam through multiple Coulomb scattering such that the maximum power density incident on an absorber is too small to damage the absorber.
The collimation system is placed some distance from the collision point in order to allow space for devices that reduce the flux of muons from the absorbers.
In addition to the constraints above, the small apertures of the collimators in a linear collider beam delivery system make them a potentially serious source of transverse wakefields.
The collimator wakefields can cause a luminosity reduction through jitter amplification:
incoming bunches which are not centered in a collimator receive a net centroid deflection.
In addition, the variation of the kick along the length of a single bunch can cause a net increase in the transverse projected emittance.
A. Existing Measurements of Collimator Wakefields
The effect of collimators with small apertures on the transverse beam dynamics was observed during the operation of the Stanford Linear Collider (SLC). Several attempts were made to estimate and to measure the severity of collimator transverse wakefields [3] [4] [5] . These measurements were not entirely satisfactory for a number of reasons: poor and variable beam quality at the collimator locations (end of the linac and/or the final focus of the SLC), inadequacy of beam measurement devices, uncertain condition of the collimators (i.e., some of the measurements were performed using collimators which had been damaged by incident beam power, although this was not generally known at the time of measurement). The most fundamental limitation of these measurements, however, was that only the collimators which were in use for SLC background-control purposes were available for measurement. There was no opportunity to perform a systematic study in which collimator surfaces, geometries, etc., could be varied and the resulting effects examined in detail.
B. Review of the Theory of Collimator Wakefields
The transverse wakefields that arise due to a change in dimensions of the vacuum chamber at the collimator are collectively referred to as the geometric wakefields. Another component of the wake, due to the resistance of the beam pipe walls, is called the resistive wall (RW) wakefield. For the ILC the RW wake is an important contribution; for the experiments described here, however, it is orders of magnitude weaker than the geometric wake and will, therefore, not be considered in this report.
In this section we collect analytical formulas for the transverse wake kick of collimators that will be used to compare with the measurements. The collimators of interest are of the type sketched in Fig. 1 : a symmetric collimator (symmetric both longitudinally and transversely) tapers from vertical half-gap b 2 to vertical half-gap b 1 (b 1 b 2 ) and back again. The taper length is distance L T , resulting in a taper angle θ T = tan For a high energy beam passing through a (symmetric) collimator at a vertical distance y 0 b 1 from the axis, the mean centroid kick is given by:
with Q the bunch charge, κ the (vertical) kick factor-the transverse kick averaged over the length of the beam (typically reported in V/pC/mm), and E the beam energy. Thus, for small offsets from the center of the collimator, wakefields result in a linear amplification of the total bunch-by-bunch jitter of the beam.
Analytical formulas for the impedance and, equivalently, κ can be found in the limits where the parameter
(σ z is the rms bunch length) is either small or large compared to 1, regimes which we denote with the labels inductive and diffractive, respectively. Note that in the ILC beam delivery system, with representative values σ z = 300 µm, b 1 = 1 mm, and θ T = 10 mr, α = 0.03, we are typically in the inductive regime. For the measurements of this report, however, we will see that typically α ∼ 1, and it is not always clear which, if any, of the analytical models apply. In these cases the analytical theory gives a result that can only serve as an order of magnitude estimate, and may differ from the correct value by a numerical factor. For detailed comparison with measurements we will also include numerical calculations. In all of the following, the MKSA system of units is used.
The Inductive Regime
In the inductive regime, α 1 and θ T 1, the (transverse) wake induced kick of a bunch offset from the collimator axis is proportional to the bunch shape, and the kick factor is proportional to the inverse of the bunch length. In the case of a (symmetric) round, tapered collimator, assuming a Gaussian bunch distribution, it is given by [6, 7] 
with Z 0 = 377 Ω.
For flat collimators, when α b
, the kick is given by [8] , [9] :
with h the half-width (in the horizontal direction) of the collimator. In order-of-magnitude terms, then, the kick from a shallow tapered flat collimator is larger than the kick from an equivalent round one by a factor of πh/2b 1 . Although this kick factor has the unfortunate property of diverging as h → ∞, it should be noted that the applicability criterion is quite strict and prevents an unacceptable divergence of the transverse wake. A recent work by S.
Krinsky [10] addresses the issue of the impedance in the limit h → ∞ for zero frequency.
In our experiments the condition α b 
Note that in [9] , the kick factor calculation is wrong by a factor of 2; Eq. 5 has the correct magnitude. Furthermore, Eq. 5 considers only the dipole impedance of the flat collimator and neglects the quadrupole impedance. To our knowledge, the quadrupole contribution to the impedance of a collimator is not known in the regime of Eq. 5.
For the flat collimators, for the inductive comparison we will use Eq. 5. For the square collimator, since we have no analytical model, we will resort to using the round result, Eq. 3.
The Diffractive Regime
In the diffractive regime, α 1, analytical formulas exist in the limits of short and long collimators, which we distinguish by the length of the flat region at minimum aperture (L F → 0 and L F → ∞, respectively). In all cases the (transverse) wake induced kick is proportional to the integral of the bunch shape, and the kick factor is independent of bunch length. In the case of a round, long collimator the (dipole) kick factor is [11] 
If the collimator is short, however, the result is about half as much [12] 
In the case of short, flat collimators the leading order behavior (for b 1 b 2 ) is the same as given in Eq. 7 [12] . That is, for a flat collimator with L F → 0 we have
The last two equations will be used in comparisons with the measurements in this report.
The wake kick in the diffractive regime is expected to constitute an upper bound on the kick for a collimator with a given minimum half-gap b 1 .
A collimator which is in the long, flat, diffractive regime is expected to produce a wake kick which is approximately the same as the kick from a long, round diffractive collimator, Eq. 6, up to a constant of order unity [13] . There are no collimators in this regime considered in this set of experiments, but we include this estimate for completeness. During normal operation, the circular aperture is positioned along the beam trajectory.
II. COLLIMATOR WAKEFIELD TEST STAND
When a collimator wakefield measurement is to be performed, the stepper motor moves the insertion on its support rails (in the horizontal direction) until the desired square channel is The principal drawback to the DRIP location is its relative inaccessibility: since all users rely on beams that pass through the DRIP, opportunities for access are rare. In addition, the criticality of the location to all programs places a premium on easing beam operations in the vicinity of the wakefield test stand. In order to address these requirements the aluminum insertions accept up to 4 collimator apertures at one time, and one chamber is always maintained with no collimators for ease of operations when measurements are not being performed.
B. Determination of the Bunch Length
As shown in Section I B, the RMS bunch length is a parameter which strongly influences the expected wakefield kick factors, and thus knowledge of the bunch length is essential for any comparison between experimental measurements and theoretical predictions. The bunch length measurement system in the SLAC linac consists of a profile monitor and a dipole-mode RF cavity in which the phase of the RF is adjusted such that the beam arrives on the zero-crossing of the cavity [15] . The fields in the cavity vertically deflect the particles in the beam in proportion to their distance from the zero-crossing; by measuring the RMS vertical size of the beam some distance downstream of the cavity, one can calculate the RMS deflection due to the cavity's fields, and thus the RMS bunch length.
The RMS bunch length and shape was not routinely measured during collimator wakefield studies. Instead, the bunch length was measured as a function of the RF voltage in the bunch compressor during a single set of wakefield studies, and the resulting relationship was assumed to hold during all subsequent studies. The expected accuracy of the measurement is at the level of 10%, with the scale factor of the BPM used in the calibration procedure of the bunch length measurement system dominating the uncertainty. Pulse-to-pulse and day-to-day variations in the bunch length were found to be small compared to this [16] .
III. COLLIMATOR INSERTIONS
The first set of collimator insertions were designed to maximize transverse geometric wakefields and to minimize resistive-wall wakes. All four insertions were fabricated from OFE copper, with a nominal conductivity of 5.85 × 10 Collimator parameters are reviewed in Table I . It is clear from the analytic models that the transverse wakefields from the collimator insertions will be completely dominated by geometric wakefields. The taper regime of the collimators is rather ambiguous, as indicated by the 4th column of Table I . Since we expect that the diffractive wake kick expressions form an upper bound on the kick for a collimator with a given gap, we assume that the diffractive estimate will be the better one in any case where the inductive regime predicts a larger kick than the diffractive. In this experiment, this is always true except for estimates of the kicks from collimators 1 and 2 for long (1 mm RMS) bunches; in these latter cases, the inductive kick is expected to be the better estimate. In Table I 
IV. WAKEFIELD MEASUREMENTS
After positioning the desired test aperture in the beam path using the horizontal translation stage, the short range transverse wakefield is studied by moving the collimator test box vertically and measuring the angular deflection of the electron beam passing through the aperture as a function of the displacement between the beam axis and the collimator axis.
The deflection is measured by reconstructing the beam orbit based on the information For comparison with the theory and numerical simulations, wakefield strength is expressed in terms of a kick factor κ for a Gaussian bunch:
where y /y 0 is the measured linear component of the angular deflection dependence on the beam offset from the collimator axis for small offsets, Q is the charge the bunch, and E is the beam energy. The bunch charge is monitored continuously by toroidal current monitors, and the bunch length is checked with a microwave bunch length monitor before each series of measurements.
An attempt was made to study the wakefield dependence on the bunch length by altering the bunch compressor settings. It has been found that changing the compression not only increased the bunch length but also degraded the beam quality significantly. The degraded beam quality was indicated by increased variability in the results from measurement to measurement, as well as an increase in the number of BPMs and pulses which were flagged as unacceptably noisy and removed from the main fit. In addition, the reproducibility of kick factor measurements made in a short time was found to be poor relative to measurements made at the minimum bunch length. Finally, it is suspected that the longitudinal distribution of the bunch is no longer Gaussian for under-and over-compressed bunches. Since the analytic expressions in Section I B assume a Gaussian longitudinal distribution, their validity for the under-and over-compressed bunches may be limited. Table II As a cross check, a series of measurements was performed using the positron instead of the electron beam. While precise numerical comparison with the electron beam data was impossible due to lack of accurate bunch length and charge monitoring for the positron beam, the results showed good qualitative agreement.
V. COMPARISON OF EXPERIMENT, THEORY, AND SIMULATION
The measured kick factors for the collimators used in this experiment are compared to the theoretical expectations in Table II . For the flat collimators in Slots 1, 3, and 4, there is qualitative similarity between the theoretical predictions and the measurements. Specifically, the theory predicts that the Slot 1 collimator will be the most sensitive to bunch length; that the wakefield kicks from the Slot 1 and Slot 3 collimators will be comparable; and that the wake kick of the Slot 4 collimator will be the one in closest agreement with the diffractive estimates, since it is furthest into the diffractive regime. All of these predictions are supported by the measurements. The most obvious discrepancy between theory and measurement is that the predicted wake kicks for the collimators in Slots 1 and 3 are almost a factor of 2 larger than what was measured. This is not surprising, given that the applicability criterion for use of the diffractive regime wake kick relations is α 1, whereas the actual value of α for these measurements is between 0.64 and 1.29. Interestingly, in the case of 1 mm RMS bunch length and the Slot 1 collimator, the applicability criteria for Eq. 5 appears to be reasonably well-met, yet the ratio between the measured and predicted wake kicks in this case is within errors of the ratio for the 0.5 mm bunch, for which the prediction was made using Eq. 8. The agreement of measurements and Eq. 8 is much better for Slot 4 even at 1 mm RMS bunch length (α = 1.14) than it is for Slot 3 at 0.5 mm RMS bunch length (α = 1.29). This suggests that the applicability criteria may be more complex than our current understanding would indicate.
In the case of the square collimator in Slot 2, the quantitative agreement between theory and measurement is better than in the case of the comparable rectangular collimator in Slot 3. The theoretical expectation of weak but measurable dependence on bunch length is not observed in the data.
A. Numerical Simulations of Collimator Wakefields
In addition to the theoretical predictions of the kick factors, numerical estimates of the kick factors were obtained from the simulation programs MAFIA [18] and ECHO3D [19] , and these estimates are also included in Table II .
The MAFIA calculations of the wakefields were performed in 3D. Making use of symmetry, one quarter of each structure was simulated. For each calculation, two runs were done using different boundary conditions at the symmetry plane that separates the top and bottom parts of the collimator. The results were subtracted between the two runs to give the total transverse wakefield, including dipole, quadrupole and higher order contributions. The expected accuracy of the MAFIA calculations is 5%.
The ECHO3D calculations were performed in 3D. Calculations for complete collimator structures were performed, as well as calculations which used one quarter of each structure and made use of the collimator symmetries. In all cases, dipole and quadrupole wakefield contributions were included. The expected accuracy of the ECHO3D calculations is 1%.
In the case of the Slot 1 collimator, the agreement between ECHO3D and the measurements is within experimental error for all bunch lengths. In all other cases the simulations produce estimates for the wakefield kicks which are approximately correct, with agreement at the level of 20-30% in the worst cases, but there is not a clear and consistent pattern of predictions from the simulations falling within the uncertainties of the measurements other than the Slot 1 collimator and ECHO3D.
VI. CONCLUSIONS
The transverse wakefields from collimators present a potentially serious challenge to linear colliders, which require an extraordinary beam quality in order to deliver luminosity. In order to improve understanding of this phenomenon, we have constructed a beam test apparatus for directly measuring the wakefields of collimators, and used the apparatus to measure the wakefield deflections from 4 sets of longitudinally-tapered collimators acting on the beam in the SLAC linac.
In the case of the flat collimators, qualitative agreement between theory and measurement was observed, but in many cases there was a quantitative discrepancy as large as a factor of two. The quantitative agreement between theory and measurement was somewhat better for the square collimator, but there was a qualitative prediction of weak but measurable dependence on bunch length which was not observed in the measurements.
For all 4 collimators, numerical electromagnetic simulations were able to predict the measured wakefield kick with typical agreement at the level of 20%. In a few cases the measurements and the simulations disagreed at the level of 30%, while in some cases the agreement was quite good. The simulations also reproduced the observed weak dependence on bunch length.
The process of reconciling theory, simulation, and experiment in the realm of collimator wakefields is still in its infancy. In the future, we plan to perform additional experiments which will probe the parameter space of geometric wakefields more thoroughly. In addition, experiments which study the resistive-wall and/or surface-roughness contributions to collimator wakefields are planned. 
